The distributed atomic polarizabilities enable the investigation of the coordination of organic ligands to transition metals giving new insight of some organometallic complexes used in catalytic processes.
Introduction.
First and higher order electric polarizabilities (α, β, …) of a molecule or a crystal provide essential information to understand and predict how matter interact with external electric fields. For example, the first order polarizability directly connects the electron density distribution with linear optical properties, like the refraction of light, or with the intensities of Raman scattering.
In addition, the polarizabilities reflect the attitude towards an incoming reactant. In fact, the interactions between molecules initially produce a repolarization of the electron density that could first modify the active electrostatic forces, then the type of aggregation, and eventually the reaction intermediates.
Polarizability was invoked by Pearson [1] to explain, at least in part, the reasons of softness in the well-known theory of hard and soft acids and bases. While polarizability alone is not a direct measure of the chemical hardness η [2] , it is certainly a direct manifestation of it, because molecules with small polarizability and high charge are more likely hard, whereas molecules with small charge and large polarizability usually fall in the soft class. In the strict definition, (1) where E is the energy of a system of N electrons, v the external potential, η is not really measurable, unless approximated with finite differences, (2) where I is the ionization potential and A the electron affinity) [3] . Noteworthy, the factor ½ in equation (1) is completely arbitrary and it could be dropped, as later proposed by Pearson [4] . In this view, one can associate the concept of softness with the ability of a molecule to mix the ground with the excited states. Often this is inferred just from the evaluation of the HOMO-LUMO gap of a single determinant molecular orbital calculation. Because the molecular polarizability is itself due to a mixing of the electronic ground state with excited states, a molecule with large polarizability is softer.
Recent developments in this field are those presented by Komorowski et al. [5] , who correlated the Fukui functions with the polarizability, offering a theoretical tool to investigate chemical reactivity.
In keeping with the original discussion by Pearson [1] , a chemist would prefer to breakdown the hardness or softness (S = 1/η) in terms of atomic or functional group contribution. Thus, the possibility to calculate distributed atomic polarizabilities is extremely useful. Moreover, being tensors, polarizabilities contain information about the anisotropy of a given interaction and therefore they could inform not only on the most favourable sites for an electrophilic/nucleophilic attack but also on the more favourable paths.
In view of their important role in chemistry, we have undertaken a project intended to calculate the atomic polarizabilities in order to investigate the role of functional groups in building up a molecular property. For example, atomic polarizabilities, calculated from a molecular electron density, allow to rapidly estimating the susceptibilities of a crystal packing of that molecule. By testing several packing motifs, one could screen the role of various functional groups in producing materials with specific optical properties, like high refraction, low birefringence, high second harmonic generation (if using second order polarizabilities), etc.
At the same time, this method enables to predict the attitude of a given functional group in binding or reacting with others. In this context, the investigation of the polarizability of chemical bonding (hereinafter bond polarizability) is extremely important.
In order to obtain atomic polarizabilities it is necessary to apply a partitioning of the molecular or crystal tensors, which requires a definition of atomic volumes. One method is the topological partitioning of the quantum theory of atoms in molecules QTAIM [6] . By using the scheme proposed by Keith [7] , atomic polarizabilities are calculated numerically from derivation of the QTAIM atomic dipole moments with respect to the electric field. This approach, described in Krawczuk et al. [8] , allows to easily obtain symmetrized atomic polarizability tensors.
For the purposes mentioned above, the atomic polarizabilities must be exportable (meaning that atoms of the same type in similar chemical environment must have a very similar α) and should be easy to be represented as tensors. Both these requirements are fulfilled, as demonstrated by our previous work [8] .
In particular, the atomic tensors are fully exportable because the origin dependence is removed by applying Keith's suggestion [7] . This enables a sensible comparison of the same functional groups when embedded in different molecular environments.
In this paper, we propose to use the atomic polarizabilities and the bond polarizabilities in connection with molecular reactivity. In particular, our aim is to provide a frame that is complementary with respect to the universally adopted electrostatic potential (r). In fact, (r) addresses the sites more keen to interactions with hard nucleophiles or electrophiles (charge-controlled reactions). On the other hand, the atomic polarizabilities provide a picture of the soft sites (orbital-controlled reactions), because they anticipate the ability of an atom to repolarize upon interaction with the external field created by an incoming reactant. Noteworthy, the two approaches are not in contradiction, but simply complementary, as chemical reactions are never entirely charge-or orbital-controlled.
In the following, we first give an overview of the methods and details of the calculations and then we report calculations on some prototype organometallic molecules, characterized by most common coordination modes, like olefin complexes, carbonyl complexes, metal-metal bonds, metal-hydride, and agostic interaction.
Background: the distributed atomic polarizabilities and bond polarizability within

QTAIM.
Calculating polarizabilities of atoms in molecules is a long-standing issue. Several models have been proposed in the literature [9] , mostly based on classical electrostatic of point charges or multipoles, although a few of them are based on QTAIM partitioning [9c, 9d]. The main stimulus for such a research has always been the calculation of optical properties, intermolecular energies or solvation effects. Following the theory of atomic properties suggested by Keith [7] , we have recently proposed
[8] a way to calculate distributed atomic polarizabilities from molecular electron densities, using the QTAIM partitioning. In a system of N a atoms, the atomic dipole moment is:
where |′ is the charge contributed to atom  by the bond to atom ′, R  is the position vector of atom  with respect to an arbitrary origin and |′′ is the positional vector of the bond critical point between atom  and '. () can be considered as the summation of  p (), the atomic polarization and  c (), a charge translation.  p () is the integration of the dipolar density function (r(r)) within the atomic basin, whereas  c () is given by the weighted sum of atomic charge translations from the atom's nucleus to each bond critical point (BCP) connected to that atom. The charge translation is computed from a system of equations, where some constraints must be defined.
The total charge is the sum of all bond charges:
where |′ 0 if  and ' are not bonded. Furthermore, for each bond:
If a ring R is present, the bond charges within the ring sum up to zero, though each bond is weighted:
where  is an atom belonging to the ring R, and  1 is the next atom in the ring. A sensible definition of the coefficient λ | 1 is the inverse of the electron density at the bond critical point (BCP):
In fact, a large λ implies a small influence of the associated bond charge therefore weaker bonds are included in equation (6) with larger λ. Equations (4), (5) and (6) produce (N a + N b + N R  1) linearly independent equations, where N b is the number of bonds and N R the number of rings. Bond charges result from the solution of this set of equations and they define the charge translation terms of atomic dipole moments and thus contribute to the total atomic dipole moments. Noteworthy, with this definition, no term of the molecular dipole moment is origin dependent. This is true also for charged molecules, although one should not think that this removes the intrinsic ambiguity of the dipole moment for ions. In fact, in non-neutral systems, the total dipole moment, computed from the bond and atomic dipole moments of equation (3), is origin independent but not invariant with respect to the partitioning scheme (hence the set of atomic charges). A partition different from QTAIM would produce a different total dipole moment, though origin independent. On the contrary, in neutral molecules the total dipole is both origin and partition independent.
Atomic polarizabilities are eventually obtained as numerical derivatives of the corresponding atomic dipole moments with respect to applied field:
where  is the atomic dipolar component along the i direction computed with a given electric field (0 or ) in direction j. The slightly asymmetric tensors are symmetrized taking the average between the tensor and its transposed matrix, as proposed by Nye [10] .
Having derived atomic polarizabilities, it seems obvious to try also a definition of bond polarizability, a concept often used in chemistry but lacking a precise mathematical definition.
The term bond polarizability has been extensively adopted in the field of Raman scattering, of course because intensities depend on the derivative of polarizability with respect to a normal coordinate.
Placzek [11] introduced a semiclassical approach to calculate Raman intensity based on bond polarizability that was assumed to be function only of the positions of nuclei. The molecular polarizability was then expressed as a sum of bond polarizabilities. Following this idea many research groups [12] assigned to each bond a polarizability tensor with one of the principal axes directed along the bond (longitudinal polarizability), whereas other two principal components are perpendicular (transverse polarizability). Furthermore, each bond is assumed to have cylindrical symmetry, following the assumption that the values of the principal polarizabilities of a particular bond are independent of the chemical environment. In other words, change of a bond orientation is not affecting bond polarizability components, but it affects overall molecular polarizability because these are explicit functions of bond orientations.
In many circumstances, chemists speak about bond polarizability, but they actually mean bond softness, which is not the same and it would require an appropriate definition. Nevertheless, it is obvious from what reported in the introduction that bond polarizability can be in fact associated with softness of the chemical bond.
Having quite precise atomic polarizability tensors, it is easy to define a bond polarizability as the projection of the two atomic polarizability along the direction of -' bond (here defined by the unit vector  ):
At variance from other definitions, α   comes exactly from the calculated distributed atomic polarizabilities of the system and it would be a quantum mechanical observable (albeit not measurable in practice).
Computational details.
All molecular structures were calculated with Gaussian09 [13] at B3LYP [14] level of theory using 6-311+G(2d,2p) basis set [15] , but for compounds containing atoms with Z > 36, for which the allelectron DGDZVP [16] basis set was adopted. For an unbiased comparison with [Ag(CO) 2 ] + , Cr(CO) 6 and CO were also calculated with DGDZVP basis set. Molecular geometries were first optimized and then wavefunctions were calculated under electric fields in x, y and z directions (positive and negative). QTAIM analysis was performed on all the electron densities using AIMAll [17] , in order to calculate atomic charges and dipole moments. The program PolaBer [8a] was used to calculate the atomic polarizabilities. PolaBer was also used for the visualization of the atomic tensors, which are represented in unit of volume, after applying a proper scaling for visualization purposes.
Results and discussion
Metal carbonyls
Metal carbonyl complexes, M(CO) n are among the most studied metal complexes and they are often taken as models for accurate studies or as benchmarks to test new theories on metal organic bonding.
They have been investigated also with experimental or theoretical electron density analyses [18] . The bonding is classically described by the Dewar-Chatt-Duncanson model of donation and back-donation [19] . This mechanism modifies the electron density distribution of the ligand, although the stereochemistry of coordination is more important for the polarizability. Carbonyls are always end-on attached (apart in polymetal clusters) with the C atom directly bounded to the metal. Both C and O polarizabilities are therefore prolated with the main axis of their tensors oriented towards the metal. Of course, the C atom is more affected, being closer; nevertheless, the oxygen is also quite modified.
Because of the end-on mode, the interaction with Cr makes the C-O bond polarizability increasing, as illustrated for Cr(CO) 6 in Figure 1 , where, for comparison, the uncoordinated CO molecule is also shown. α is in fact more than two times larger in the complex than in isolation. This is particularly relevant when analyzing the reactivity of M(CO) n species. In fact, these complexes are often employed in catalytical processes, like the hydro-formylation reaction [20] , where CO insertion into a metalalkyl bond occurs in a metal carbonyl catalyst after coordination of an olefin. The CO-insertion step requires a substantial repolarization of the CO ligand and an enhancement of its electrophilicity. It is also interesting to see what happens to hydride species, where one CO ligand is replaced by a H -.
[HM(CO) n ] qare in fact the active species in the hydroformilation process (in particular for M = Co).
While H atoms are normally very weakly polarizable, the hydride is in fact quite polarizable especially in the direction of the metal, as we can see for [Cr(CO) 5 H]in Figure 2 . In fact, the Cr-H bond has a polarizability of 42.8 Bohr 3 . This is actually due to two factors: one is the negative charge of the H, the other is again the interaction with Cr. Compared to neutral Cr(CO) 6 , the Cr-C bond polarizabilities are slightly larger, but for Cr-C trans to Cr-H, which is significantly smaller. C-O polarizabilities are not particularly affected, being only slightly smaller than for Cr(CO) 6 . 
Metal-olefins
Another interesting class of compounds are the metal-olefins. At variance from CO, olefins typically coordinate side-on, which implies simultaneous and symmetrical bonding of the two C atoms.
Electron density studies have well illustrated that donation and back-donation are clearly visible through a QTAIM topological analysis [21] . Because of the side-on coordination, the C polarizabilities are re-oriented toward the metal and therefore away from the C=C bond, unlike the uncoordinated olefin. As an example, Cr(CO) 5 (C 2 H 4 ) is illustrated in Figure 3 . The Cr polarizability is now a tri-axial ellipsoid: the longest axis (37.1 Bohr 3 ) is in direction of the molecular 2-fold axis (hence towards the olefin) and the two smaller axes are in direction parallel to the C=C bond (32.2 Bohr 3 ) and perpendicular to it (33.8 Bohr 3 ). The reason of this behaviour is the presence of two coordinating atoms on the olefin site, instead of one, as for hydride or carbonyl complexes. Although Carbon is less polarizable than Oxygen, a side-on coordination of two C atoms affects the Cr polarizability more than the end-on coordination of one C atom with the O atom quite far from the metal. While for the carbonyl ligand the main effect of coordination is a huge increase of the C-O bond polarizability, in olefins the most important and evident feature is the re-orientation of the C polarizability, which makes the attack of a nucleophile more feasible because it can occur almost perpendicularly to the C=C bond. In uncoordinated olefins, instead, the best approach would be opposite to the C=C bond, but the H atoms hinder it.
Noteworthy, the analysis of the atomic polarizabilities is complementary to the analysis of the electrostatic potential or the electron density Laplacian, which are two indicators of the potentially favourable sites for attack by hard nucleophiles. In Figure 4 , one see that in fact the coordination to the metal also modifies the electrostatic potential around the C 2 H 4 molecule. Upon coordination, the regions of negative potential around the double bond disappear, which means that an incoming nucleophile is no longer experiencing an electrostatic repulsion. However, one should consider that the potential around the uncoordinated ethylene is only slightly negative ((r) is always above -0.025 a.u.) and a path of positive potential leading to C atom is always available. Thus, the actual change of electrostatic potential due to coordination to Cr is not so large, at variance from the abrupt change occurring to the atomic polarizabilities. As an example, let's consider the Wacker acethaldeide synthesis [22] where H Another example of olefin coordination is a tetra-coordinated olefin complex, Ni(COD) 2 (COD= 1,5 cyclo-octadiene), presented in Figure 5 . An experimental electron density study [21] analysed the QTAIM topology and demonstrated how this complexation leaves clear fingerprints in the molecular graph. At the same time, the Laplacian distribution around the ligand show that the electron density of the olefin is quite shifted in direction of the metal, a sign that the ligand have become more electrophilic. The coordination occurs through four C=C disposed almost tetrahedrically around the Ni atom, although the molecular symmetry is much smaller (D 2 ), due to the geometry of the cyclic ligand.
The ellipsoid representing the Ni polarizability tensor is quite aspherical, because stretched along the main C 2 axis in direction of the two ligands where, apart from the olefinic C atoms, there are other polarizable C atoms, that play a role even if not directly bounded to the metal. Along the molecular C 2 ' axes, no atom is present and the corresponding components of the Ni polarizability tensor are very small (ca. 9 Bohr 3 compared to ca. 50 Bohr 3 of the largest component).
The Ni-C polarizabilities are quite smaller than Cr-C ones in Cr(CO) 5 C 2 H 4 (42.9 vs 53.7 Bohr 3 ). This is in part due to the metal, although Ni and Cr in zero oxidation state have very similar atomic polarizabilities [23] , Cr being only slightly larger. The difference is also due to the kind of ligand. A calculation on Ni(C 2 H 4 ) 4 in D 2d symmetry, which is also characterized by 4 ligands disposed almost tetrahedrically around the metal, predicts a bond polarizability of 46 Bohr 3 . The smaller Ni-C polarizability for cyclic olefins is in keeping with the known nucleophilic susceptibility series [24] , which rank acyclic olefins with an even hapticity as the most reactive. Bond polarizabilities for two non-equivalent Ni-C bonds and the C=C bond are reported (in Bohr 3 ). Scaling factor 0.3 Bohr -2 . Note that bonds are drawn between atoms connected by a bond path; however, the lines are simply straight vectors and not the exact representation of the bond paths.
Agostic interactions
The agostic bond, where a C-H or a Si-H bond approaches end on a transition metal producing a drastic changes of properties for H atom, is among the most interesting interactions in organometallic chemistry. This interaction is in fact extremely important because it enables activation of a bond like C-H, which is non-polar, weakly polarizable and very strong. Many electron density studies based on QTAIM [25], as well as theoretical or spectroscopic investigations, have analysed these interactions, whose nature remained quite ambiguous for long time. The agostic bond is associated with a large delocalization that involves the entire alkyl group typically attached to the metal via a strong M-C bond.
Here, we report only a single example, namely [Ni(dhpe)(C 2 H 5 )] + (dhpe = PH 2 CH 2 CH 2 PH 2 ), a model compound similar to that investigated experimentally by Scherer et al. [25e] . A bond path is found between Ni and H (see Figure 6 ), although this is not a necessary conditions to identify an agostic interaction [25a] and was actually missing in the experimental study, after a careful re-examination of the model. What is particularly evident, however, is the quite large polarizability of the H, oriented toward the metal instead of the C atom. In general H atoms are weakly polarizable with an extremely large anisotropy of their tensors (see all the other C-H bonds in Figure 6 , for example). Noteworthy, the large reorientation of the agostic hydrogen polarizability would occur even in the absence of a bond path to Ni, given that the bond dipole contribution of Ni-H is in fact very small, because this interaction is associated with an extremely small electron density at the BCP (hence a large (Ni|H)).
In fact, when λ is large, the contribution of the bond to the atomic dipole is small. Scaling factor 0.4 Bohr -2 . Note that bonds are drawn between atoms connected by a bond path; however, the lines are simply straight vectors and not the exact representation of the bond paths.
Metal-Metal bonds
One of the most interesting classes of organometallic molecules are the metal clusters, where metal atoms are bonded to each other directly or through bridging ligands. In such clusters, the direct connection between two highly polarizable atoms produce a very large polarizability along the M-M direction. This was anticipated by Parr [1] who proposed it as one reason of the overall stability of the dimer. The enormous enhancement is due to pure electrostatic reasons: two polarizable charge distribution affect each other under an applied electric field, because the field-induced dipole moments of one distribution increase the electric field experienced by the other distribution (and vice versa).
Therefore, the two zerovalent transition metals mutually increase their polarizability along the direction of their connection. In fact, a large α Mn-Mn is calculated for Mn 2 (CO) 10 where a direct bond path connects the two Mn atoms (Figure 7a) . The same occurs for the C s isomer of Co 2 (CO) 8 ( Figure   7b ) although a direct bond path between the metals is not calculated. The two Co(CO) 3 subunit are not co-axial given the disposition of the two bridging ligands. Thus, the two Co polarizabilities are also not co-axial but they point towards the "missing" bridging carbonyl. Interestingly, this is the region of a possible curved Co-Co bond path, whose presence was debated for long time.
The polarizability of the bridging carbonyl is very peculiar.in contrast to atomic polarizabilities of terminal CO groups, which are very much prolated in the direction of the bonded Co atom, the bridging C atoms have polarizability ellipsoid similar to disks "stretched" by the two Co and the oxygen atoms. Perpendicularly to the plane defined by Co-C-Co, the tensor component is extremely small.
It is noteworthy that the equatorial carbonyls of Mn 2 (CO) 10 , albeit not directly bonded to the vicinal Mn, are quite distorted in that direction so that the principal component of their tensors is not parallel
to Mn-C, as one would expect for a simple metal complex (as Cr(CO) 6 ). The metamorphosis of the carbonyl ligand from terminal to bridging was already described in terms of molecular graph, Laplacian and electron delocalization indices in [26] , showing that a rather continuous bonding is ongoing. The shape of the polarizabilities of equatorial Carbons reinforces the idea that they play an important role in the bonding even in the absence of a direct bond path.
Another interesting stereochemistry of M-M bonded system is the recently discussed off-axis bond, found in Mn 2 (CO) 10 at high pressure [27] . The two Mn(CO) 5 units are forced to be no longer co-axial so that the apical carbonyls and the Mn-Mn bonds are not parallel (see Figure 7c ). Interestingly, although the Mn-Mn bond decreases, as expected from a compression mechanism, the bond polarizability is actually smaller (117 vs 138 Å). The major axis of the polarizability tensors of the Mn is parallel to the Mn-Mn bond and therefore inclined with respect to the apical Mn-C bonds, meaning that Mn-Mn bond is overwhelming.
Figure 7
The distributed atomic polarizabilities in Mn 2 (CO) 10 (a) (D 4d , gas phase stable isomer), Co 2 (CO) 8 (b) (C 2v , one of the three gas phase isomers and the only solid state stable isomer) and in the "off-axis" Mn 2 (CO) 10 (c) (C 2 symmetry, stable in the solid state, ) Scaling factor 0.3 Bohr -2 . Note that bonds are drawn between atoms connected by a bond path; however, the lines are simply straight vectors and not the exact representation of the bond paths.
Conclusions
In this paper, we have presented the application of the distributed atomic polarizabilities to the analysis of the nature and the reactivity of some well-known chemical bonds in organometallic chemistry.
The analysis of polarizabilities is in a way a visualization of the available mixing of ground and excited states for a molecule. In fact, instead of finite field numerical differentiations as in our approach, one could calculate polarizabilities via a sum over states, which would make the connection with chemical softness more obvious. The possibility to partition the polarizability into atomic contributions visualizes the contribution of each atom to excited states and therefore enable to somewhat localize sites of larger softness.
Molecular recognition processes, that anticipate chemical reactions, are normally predicted based only on the electrostatic potential that addresses sites where positive or negative charges are in excess. This approach, however, is valid mainly for hard nucleophiles or electrophiles, but may be less informative when dealing with soft species. Therefore, we propose that distributed atomic polarizabilities may be complementarily analysed to anticipate the reactivity of a given species, or, as in this paper, to investigate the role of metal coordination in enhancing the electrophilic or nucleophilic susceptibility.
The terms "charge-controlled" or "orbital-controlled" reactions are less common nowadays but could be in fact associated with this dual visualization: electrostatic potential and electric polarizabilities, respectively.
In the future, we plan to derive distributed atomic hyperpolarizabilities, although the finite field method may give more convergence problems. This would enable a more accurate and potentially quantitative analysis, even in the presence of stronger fields.
Moreover, although we have used so far only the QTAIM partitioning to compute atomic polarizabilities, other schemes might be suitable and will be tested in the future.
Finally, DFT methods have been used here to compute the electron density distributions; however, more accurate electron correlation methods (e.g., configuration interaction or perturbation methods) could be adopted, although at higher computational costs.
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